The influence of the boundary conditions on the added mass of a NACA0009 cantilever hydrofoil has been numerically and experimentally investigated. The study has been focused on the effects of a lateral solid wall close to the hydrofoil tip side and of a partially wetted vertical hydrofoil at different levels with the free surface parallel to the span. A detailed fluid-structure model has been built for both cases and a modal analysis has been carried out. The numerical three first natural frequencies have been used to calculate the added mass coefficients. These coefficients have been compared with the results of the analogous experiments carried out by means of an onboard excitation and response system based on piezoelectric patches. The obtained results are in reasonable good agreement with experimental data. The proximity of a lateral solid wall provokes an increase of the added mass experienced by the hydrofoil which can be approximated by a 2nd order polynomial function for both bending and torsion modes. On the other hand, the increase of the added mass with the level of partial submergence is found to be dependent on the relative displacements of the hydrofoil submerged part and hence on the mode shape.
1. Introduction
Background
Boundary conditions have a paramount role in the calculation of the added mass of any submerged structure. Their effect on the added mass, and hence on the natural frequencies, differs depending on the considered boundary condition and on multiple others variables.
The study of the added mass of a submerged structure has focused great attention for a long time. Great theoretical, experimental and computational efforts have been devoted to this topic [13, 2, 7] and from the very beginning the authors realized about the significance of the problem's boundary conditions. Even when Blevins [1] published a collection of formulas referred to natural frequencies and mode shapes, several of them referenced to the effect of lateral walls. Also Brennen [2] mentioned the effect of a nearly solid boundary and a free surface when reviewing the added mass.
On the other hand, from a computational point of view, the accurate calculation of the added mass means great savings both in terms of time and funding in many industrial applications. The reliability of many submerged bodies is based on the accurate prediction of their natural frequencies under actual conditions. For instance, Liang et al. [12] simulated the effects of the added mass on the natural frequencies of a whole Francis turbine runner previously experimentally studied by Rodriguez et al. [16] . Also Huang et al. [6] studied numerically and experimentally the added mass of a submerged trash-rack with satisfactory results. In fact, this topic has been of great interest for a long time when related to basic-shape structures. In this sense, Kwak [8] and Liang et al. [10] studied the effect of the surrounding fluid on the natural frequencies of circular plates calculating the added virtual mass incremental (AVMI) factors. Also Liang et al. [11] presented a procedure to determine the natural frequencies and mode shapes of submerged cantilever plates.
The study presented in this paper derives from a wider experimental investigation partially published in [3] . The experimental results shown here were obtained when carrying out the experimental campaign to study the added mass effects for different flow configurations with and without leading edge cavitation and supercavitation. During this investigation, the authors realized about the importance of the selected boundary conditions on the obtained added mass results and decided to characterize them more in detail from both the numerical and the experimental points of view.
Consequently, the ratio between the natural frequency of a given mode of vibration in water, f fluid i , and in air, f vacuum i , is approximately given by:
where i subscript denotes each particular mode shape and m is the corresponding modal mass. As a result, the natural frequencies of vibration in water are lowered with respect to those in air (considered as a vacuum). If the added mass matrix is diagonal, the system mode shapes in water are equivalent to those of the structure vibrating in air. From Eq. (1), an added mass coefficient, C M , can be defined with Eq. (2) . This coefficient will be of special interest throughout the present work because it is used to quantify the added mass effects.
1.3. Boundary conditions under study
Wall effect
This first boundary condition is presented when a rigid wall is located nearby the vibrating structure. In this situation, the added mass matrix can be simplified with geometric symmetries if, and only if, the symmetries are applied to both the structure under study and the solid wall.
Using potential flow theory, the system of a solid wall near a body was studied by Lamb [9] and Milne-Thomson [14] , who modified the kinetic energy of an unbounded sphere to take into account the energy increase produced by the wall effect. Time after, it was observed that the presence of a solid wall near a vibrating structure could cause a substantial increase in the added mass [18, 20] . In the region between the structure and the boundary, the fluid experiences an acceleration increase, which enhances the inertial forces exerted on the wetted surfaces. As the structure moves away from the boundary, the added mass rapidly decreases asymptotically to the value of an isolated body.
When referring to numerical simulations, Motley et al. [15] studied the effect of several boundary conditions -solid wall, free surface and partial submergence-on the natural frequencies of different composite plates and its dependency with the fiber angle. In this work, the authors concluded that solid boundaries had limited effects for fully-submerged plates near a wall. Also Rodriguez et al. [17] studied the effect of a close solid boundary on the added mass of a rectangular plate. Anyhow, the authors of this paper were basically focused on validating a structural-acoustic FSI numerical method as an alternative to experimental tests.
Partial submergence
The second boundary condition corresponds to the effect of having the body partially submerged with a free surface in contact with it. In this sense, Lindholm's et al. [13] work has been taken as a reference to design the current tests. This specific case is of paramount interest in the naval industry where this condition is present in multiple systems and components like the propellers in different situations or even in the study of the whole ship.
The resonance frequencies of vertical and horizontal cantilever plates partially or totally submerged in water were also studied by Fu and Price [5] but limited experimental comparison was given. More recently, Ergin and Ugurlu [4] studied the effect of partial submergence on the natural frequencies and mode shapes of different cantilever plates and successfully compared the numerical results with experimental data.
Objectives
In this paper, the effects of a nearby solid wall and of partial submergence on the natural frequencies of a cantilever NACA0009 hydrofoil have been studied separately. In particular, numerical simulations of both effects have been carried out and the results have been compared with the experimental ones. As a result, the validity of a commercial multiphysics software (Ansys Ò ) as a reliable tool in the resolution of this kind of cases has been checked.
The study mainly focuses on the first three natural frequencies of the tested hydrofoil which in the case of the tested hydrofoil correspond to the first and second bending modes (f 1 and f 3 respectively) and first torsion mode (f 2 ) as observed in Fig. 1 .
Experimental methodology
The experimental methodology is analogous to the one described in De La Torre et al. [3] . In this previous work, the authors carried out an extensive investigation of the added mass under different flow conditions in the test section of the EPFL High Speed Cavitation Tunnel. The test section, which is shown in the Fig. 7 , has a rectangular shape and 150 Â 150 Â 750 mm as inner dimensions. A 7075 aluminum type hydrofoil with a 150 mm span and 100 mm chord was used. This particular material has a density of 2800 kg/m 3 and a Young's modulus of 72 GPa. The trailing edge was cut at 45°. In order to experimentally obtain the hydrofoil's natural frequencies an innovative PZT excitation and measuring system was embedded on its surface. Two PZT patches were mounted in the particular locations shown in Fig. 2 that permitted to excite the hydrofoil bending and torsion modes. The hydrofoil installation within the tunnel test section consisted in clamping one side to a lateral wall, obtaining a cantilever structure configuration as observed in Fig. 3 . In order to excite the structure, a signal generator fed the PZT patch closer to the leading edge through an amplifier. By exciting a wide frequency band with a 120-s sinusoidal chirp signal and measuring at the same time the response with the trailing edge patch, it was expected to identify the response amplification under resonance conditions. The chirp signals covered a frequency band of 240 Hz with a constant frequency increase factor of 2 Hz/s. The frequency range excited in each chirp could differ depending on the mode sought or the conditions in the test section. The acquired data was conditioned and recorded by a 16 byte A/D system with eight simultaneous input channels and a selectable sampling frequency with a maximum of 250000 samples per segment. 
Lateral gap analysis
The lateral gap was increased from a minimum value of 0.12 mm to a maximum of 2.12 mm by means of different metallic plates of calibrated thickness, which were placed between the hydrofoil subjection system and the tunnel wall. For each gap distance, modal analyses were performed following the same procedure explained in De La Torre et al. [3] .
Partially submerged hydrofoil
The profile was located perpendicular to the free surface of the water, and the tunnel was filled in stages. A modal analysis was performed from 0% to 100% submergence for each 10% submergence variation. Additionally, because the profile is non-symmetric, the two different orientations were taken into account by analyzing the body with the leading edge or the trailing edge submerged, as observed in Fig. 4 .
Numerical methodology
The numerical methodology started with the main model setup to assure the validity of the results, and two different cases were subsequently simulated. First, the effects of the distance of the test section lateral wall to the lateral hydrofoil tip section, indicated as the gap on the right of Fig. 3 , were studied. Second, the effects of the partial submergence conditions with two different hydrofoil orientations as indicated in Fig. 4 were also studied.
FSI equations
Under the acoustics field, the structural dynamics equation must be considered together with the Navier-Stokes equations. The fluid domain requires the following assumptions to simplify the analysis:
1. The fluid is compressible (due to pressure variations). 2. The fluid is inviscid. 3. There is no mean fluid flow. 4. The mean density and pressure are uniform throughout the fluid.
In this way, we obtain the acoustic wave in the following equation: 
where c is the speed of sound in the fluid, P is the pressure and t is the time. Eq. (3) and the structural dynamic Eq. (4) constitute the FSI system solved by FEM.
Because the fluid is modeled as inviscid, a dissipation term is added to account for the dissipation of energy due to the damping effect in the fluid boundary. Next, both Eqs. (3) and (4) are discretized, leading to a FSI system such as the one represented by:
where M e , C e and K e are the mass, damping and stiffness matrices, respectively, and F e is the applied load vector. The super-index p denotes the fluid matrices, and the unknown variables are the displacement, u e , and pressure, P e .
Model set-up 3.2.1. Model of the solid domain
The NACA0009 hydrofoil profile was modeled within the FEM environment with a solid of the same dimensions than the actual one as shown in Fig. 5 . It is important to note that PZT patches were not taken into account when modeling the mechanical properties of aluminum due to its small thickness dimension (0.5 mm).
A sensibility analysis of the solid domain mesh under vacuum conditions was performed to determine its optimal size. First, the number of elements in the chord direction was fixed by setting the number of partitions of the lines that enclose the lateral surface. Next, the number of partitions of the lines in the span-wise direction was varied to analyze its influence on the obtained natural frequencies and vice versa. Fig. 6 shows the deviation in percentage of the simulated natural frequencies for various numbers of partitions in the chord and span-wise directions relative to the results obtained with 300 partitions.
As shown by the trends, the solution with no fluid domain yet defined converges quickly as the number of elements in both directions is increased. The results indicate that only a coarse mesh is required to obtain a satisfactory solution.
Model of the surrounding fluid domain
The fluid domain modeled around the solid is shown in Fig. 7 . This fluid domain can be changed from Air to Water by setting the elemental material properties depending on the conditions simulated as listed in Table 1 . It has to be mentioned that the orientation of the hydrofoil within the tunnel test section for the gap study was horizontal (Fig. 7) meanwhile for the partial submergence study it was vertical (Fig. 8) . Therefore, two different fluid domains were defined, analyzed and used. Moreover, the gap size under normal conditions is approximately of 0.12 mm.
Taking into account the test section dimensions in the experimental test rig (left of Fig. 8 ), the fluid volume is limited in two of the three axes of the problem. It is obvious that the length of the fluid domain in the horizontal axis, h, is not bounded by the test section (right of Fig. 8 ).
Since the fluid boundaries have been modeled as fully reflective, which means that they are capable of reflecting the wave pressure (Eq. (1)) with no energy loss, the location of the fluid walls with respect to the solid domain is expected to influence the numerical solution. Therefore, the influence of the dimension h has been analyzed to carefully determine the final fluid domain volume. For that purpose, the size h of the fluid volume was gradually increased in a step-by-step manner and the natural frequencies were calculated for each case with the hydrofoil vertically orientated. The observed natural frequency variation with respect to dimension h has been plotted in Fig. 9 . For the hydrofoil horizontal orientation, the natural frequencies behavior is much more insensible to h and the variation for analogous distances falls below 0.7%. Consequently, and after examining the results, a horizontal dimension h of 0.13 m has been finally chosen to limit the fluid volume for both orientations. Under normal conditions, the size of this gap is approximately 0.12 mm. In this context, the gap was also modeled and the subsequent fluid domain resulted in a cubic volume of dimensions 0.15012 (s) Â 0.15 (l) Â 0.13 (h) m (see Fig. 8 ).
An additional sensibility analysis was performed within the gap dimension due to its small size relative to the hydrofoil span size. In fact, the number of fluid elements had to be substantially increased with respect to previous sensibility analysis to avoid degradation of the quality of the mesh.
Therefore, the distance from the hydrofoil tip section to the lateral wall was meshed with different numbers of fluid elements to capture the gap effect. A simplified 2D model was used for this proof. As a result only the bending modes, which were expected to be those most sensitive to such effect, could be studied. The results are presented in Fig. 10 , where the difference in natural frequency between the use of 1 or 10 elements just falls below 0.1%. Therefore, under normal conditions (gap of 0.12 mm), one unique element was eventually used to mesh the fluid located inside the gap in spanwise direction.
The selected structural element was 8-node 3D type with three degrees of freedom (displacements in all directions) which allows for prism and tetrahedral degenerations. For the current modal analysis, only the density, the Young's modulus and the Poisson coefficient were required. Moreover, the structural element was able to admit pressure loads.
The selected acoustic fluid element was 8-node 3D type with four degrees of freedom (displacements in all directions and pressure) which also which allows for prism and tetrahedral degenerations. For modal analysis, only the density and the sonic velocity were required as material properties to obtain Eq. (1). In addition, a special option was available to identify those fluid elements in contact with structural elements (interphase), producing an unsymmetrical element matrix. Surface loads (FSI) also had to be applied at the interphase.
Lateral gap analysis.
The initial model dimensions were 0.15012 Â 0.15 Â 0.13 m and the mesh was composed of 53640 structural elements and of 610406 fluid elements. In this case, the profile was horizontally oriented.
During the experiments, the gap distance was increased from 0.12 mm to 2.12 mm by displacing the hydrofoil backwards in spanwise direction. In FEM environment, these conditions was Table 2 . Each increase of the gap distance was modeled by increasing the number of element layers accordingly.
Partially submerged hydrofoil.
The fluid volume dimensions and the mesh were analogous to the ones used for the standard conditions with the gap of 0.12 mm. In this case, the profile was vertically oriented.
During the experiments, the tunnel test section was filled stepby-step so that the free surface was located at different heights. The numerical procedure to simulate such conditions consisted of changing the material properties from Water to Air for the adequate number of elements to simulate the submergence level of the hydrofoil. In other words, the upper part of the fluid domain was Air and the lower part of the fluid domain was Water as shown in Fig. 11 .
For this simulation and to avoid modeling the free surface as a fully reflective boundary, which would lead to an overestimation of the added mass results, the pressure of the Air nodes was fixed to atmospheric pressure. This setting avoids allowing the wave pressure to be reflected by the free surface because the nodes in this boundary do not have any additional flexibility in their pressure degree-of-freedom.
Results and discussion

Lateral gap analysis
The experimental and the simulated added mass coefficients for the three modes of vibration are listed in Table 3 and plotted as a function of gap distance in Figs. 12-14 . The reference natural frequencies of the hydrofoil in air, used to obtain C M , are 266.7 Hz for f 1 , 1008.7 Hz for f 2 and 1628.8 Hz for f 3 .
For all the modes of vibration, the added mass coefficient increases as the gap distance is reduced. As shown, the trend of the experimental results is well captured with the simulation for all the modes of vibration. Nevertheless, for the second bending mode the coefficient C M3 is significantly underpredicted by a value of about 0.33 for all the cases. Table 3 Experimental and numerical C M values for different gap distances. The evolutions of the added mass coefficients are well approximated with quadratic models of the form indicated in the regression equations presented in each figure as proved by the high correlation coefficients. Based on these results, the significance of the gap effect depending on the mode shape is verified and quantified. It can be observed that both bending modes present a steeper trend than the torsion mode, which indicates that they are more affected by the presence of the solid boundary. In summary for the numerical results, the trends of the gap effects are in general well simulated even if f 3 is overestimated.
Partially submerged hydrofoil
The asymmetry of the hydrofoil makes it necessary to consider its orientation during the submergence tests. Therefore, the hydrofoil has been rotated to a vertical position with the trailing edge (TE) or with the leading edge (LE) at the bottom side of the test section.
The experimental and numerical added mass coefficients for the three modes of vibration obtained as a function of the percentage of hydrofoil surface (with 0% meaning that all the surface is in contact with Air and with 100% meaning that all the is surface submerged in Water) are listed in Tables 4 and 5 The results clearly indicate that as the hydrofoil is submerged, the added mass increases for all modes. However, the evolution of the coefficients differs between the bending and torsion modes. For bending modes, a growing trend is observed for any submergence level whereas for the torsion mode this growing trend is reduced to a nearly constant value between 40% and 60% submergence. For the bending modes, the equations that best fit the experimental results are quadratic type as indicated in the trend equations by the high correlation coefficients. As observed from the graphs, the numerical results are close to the experimental ones, except for the second bending mode in the range from 80% to 100% submergence.
To compare the effects of the profile orientation, the torsion mode f 2 has been chosen because this particular mode shape with a nodal line in the hydrofoil center line is expected to be influenced by such condition. Effectively, the C M values are slightly different depending on the orientation. This is observed in Fig. 19 where the numerical results for both orientations have been superposed which indicates that the trailing edge orientation experiences a greater added mass than the leading edge orientation for the same submergence levels between 20% and 80%. A similar behavior is also observed in the experimental results. This phenomenon could be explained observing the geometry of both edges. The TE is significantly sharper than the LE and it suffers greater deformations during torsion motion. These greater deformations induce higher accelerations in the surrounding fluid domain and therefore higher added mass effect.
As observed in Figs. 15-19 the variation of C M with the submergence level is clearly related to the fluid entrained by the mode shape motion at each condition. In particular, if we focus on the torsion mode, the shape of the evolution of the C M values depicts a plot of the motion itself. At the extreme submergences when most of the fluid is accelerated by the large hydrofoil displacements the results show the most significant increases in the added mass. Meanwhile, when the free surface is close to the mode nodal line at the hydrofoil centerline, the increase of added mass with submergence is lower because not much fluid is entrained due to the smaller surface displacements around this zone. Consequently, the C M values are nearly constant around the 50% submergence levels.
Similarly, it would be expected that for bending modes, the variation of C M was basically constant throughout the submergence process due to the expected parallel motion of the hydrofoil relative to the free surface. Surprisingly, the effects on the added mass are better captured with a second-order polynomial law. As observed in Figs. 15-18 , for low submergence levels, the C M increase is quite weak whereas it is far steeper for high levels.
Regarding the submergence effects, the torsion mode results reproduce well their characteristic shape and the effect of the profile orientation is also correctly simulated (Fig. 19) . From the current results, it is confirmed the well-known fact that the added mass effect on a submerged structure depends on the particular mode shape deformation that is excited, as already proved by Yadykin et al. [19] .
Conclusions
The effects of two different boundary conditions on the dynamic response of a hydrofoil mounted like a cantilever beam have been numerically and experimentally investigated.
The first one has consisted in a nearby solid boundary located at different distances or gaps to the free lateral side of the hydrofoil in horizontal position.
The second one has consisted in submerging the hydrofoil at different levels in vertical position.
The FEM method has been used to simulate the three first natural frequencies of the hydrofoil in all the conditions experimentally tested in the EPFL High Speed Cavitation Tunnel. From them, the added mass coefficients have been calculated and compared. The obtained results show in general a good agreement between numerical and experimental methods. For the gap effect, the deviation of the natural frequencies falls below 1.5% for first bending and torsion modes and below 5% for second bending mode. Regarding the partial submergence, the deviations are limited to a maximum value of 3% for all the natural frequencies. Only the second bending mode for partial submergence levels higher than 80% shows poorer accuracy and the deviation grows up to 12%. As a result, the accuracy shown by the numerical added mass coefficients under both boundary conditions would present a punctual maximum error up to 38%. Nevertheless, the C M 's trends are also well captured with a 2nd order polynomial function as observed by correlation coefficients around 0.99 for all of the modes.
The presence of a solid boundary near a vibrating structure increases the added mass and, therefore, decreases its natural frequencies. For the present case, the increase of the added mass with the gap distance follows a quadratic law for all the modes of vibration.
The effect of the partial submergence on the hydrofoil added mass depends on the mode shape under study. As the percentage of wetted surface is increased, the added mass also increases. For both bending modes the behavior follows a quadratic law. Meanwhile, the torsion mode shows a distinct pattern. In fact, the rate of increase of the added mass with submergence level correlates with the characteristic deflection of the hydrofoil submerged part with steeper growths for larger surface displacements.
